The effect of dehydration on the specific activities and transcript levels of several glycolytic enzymes was determined in two chickpea (Cicer arietinum L.) cultivars-Pusa362 (drought tolerant) and SBD377 (drought sensitive). Dehydration treatment was imposed on 6 days old chickpea seedlings by removing them from pots and keeping them on table top on 3MM Whatman paper at room temperature for 5 h. The stress imposed was judged by determining relative water content (RWC) and proline content. RWC decreased and proline content accumulated after five hours of dehydration treatment. The decline in RWC was higher in SBD377 than in Pusa362, while varietal differences were absent in proline content. With the exception of NADP-glyceraldehyde-3-phospahte dehydrogense, whose activity as well as transcript level showed marginal decrease in both the varieties, dehydration had little effect on all glycolytic enzymes studied.
INTRODUCTION
Chickpea (Cicer arietinum L.) is a dehydration tolerant crop usually cultivated in arid and semi-arid regions in the post rainy season, taking advantage of preserved soil moisture. Although it adapts well to the water restricted environment, drought poses severe threats to chickpea production causing 40-50 % diminution in its yield's potential (Ahmad et al., 2005) . Drought stress is associated with reduced water availability and cellular dehydration; therefore, alterations in cellular metabolism coupled with osmotic adjustments are anticipated. Determination of expression pattern of enzymes of carbohydrate metabolism in response to water scarcity is of paramount importance because changes in carbohydrate composition are directly linked with physiological processes such as photosynthesis, translocation and respiration. Respiratory pathway has significant role in providing energy to the cell for its diverse metabolic activities. The impact of water deficit on respiration is still far from clear; with reports in the literature comprising contradictory observations. Water stress has been reported to either decrease or maintains or increases the rate of respiration (Gimeno et al., 2010) -the process which is divided into three major pathways: glycolysis, mitochondrial tricaroboxylic acid (TCA) cycle and mitochondrial electron transport. In plants, glycolysis is organized as a network of reactions that provide elasticity when production of energy for survival is challenged. Evidence for the participation of glycloytic genes (Roche et al., 2007; Watkinson et al., 2008; Kim et al., 2009) , proteins and enzymes (Plomion et al., 2006; Bogeat-Triboulot et al., 2007; Ingle et al., 2007; Castillejo et al., 2008; Echevarria-Zomeño et al., 2009; Xu and Huang, 2010; Ford et al., 2011; Oliver et al., 2011) in response to stress is recognized by the fact that their expression is deeply affected by exposure of plant tissues to environmental stresses such as drought. All these studies were performed at the proteomic and transcriptomic level to generate a set of genes with different functions and are differentially regulated under water deficit stress. Boominathan et al. (2004) identified 101 dehydration inducible genes, of which glyceraldehyde-3-phosphate dehydrogenase, a glycolytic gene was accumulated by 2.90 folds after 5 h of dehydration stress in 6 d old chickpea seedlings. The present study was proposed with the objective to study the effect of 5 h dehydration on the specific activities and transcript levels of enzymes involved in glycolytic pathway in two chickpea cultivars with contrasting ability to tolerate drought. To our knowledge, this is the first ever study involving the analysis of the enzyme activities and corresponding transcripts of glycolytic pathway in response to dehydration stress.
MATERIALS AND METHODS
Plant material, maintenance and stress treatment: After in-field screening and on the basis of 3 years production (yield) data provided by Pulse Research Laboratory, Indian Agricultural Research Institute, New Delhi (India), two cultivars of chickpea (Pusa362 as tolerant and SBD377 as sensitive to water deficit) were selected for present study. Seeds were sterilized in 0.05 % HgCl 2 followed by thorough washing with double distilled water and germinated in Petri plates on moist Whatman paper. After two days, seeds were transferred to 4" pots containing autoclaved soilrite in an environmentally controlled growth room maintained at a temperature of 25 ± 2 o C, relative humidity of 50 ± 5 % and a photoperiod of 16 h (270 µmol m -2 s -1 light intensity) with normal watering. For dehydration treatment, six days old seedlings were carefully removed from the pot and subjected to dehydration for 5 h on 3 MM paper (Whatman, Clifton, NJ) at room temperature under dim light. For control, plants were removed from the soil and immediately replanted in the same pot and kept under the same condition for the same period. The harvested tissue was immediately frozen in liquid N 2 and stored in -80 o C till further use.
Proline estimation: Proline content was measured as described by Bates et al. (1973) . Fresh leaf tissue (500 mg) was crushed in a mortar and pestle with 10 ml sulfosalicylic acid and the homogenate was filtered through 1MM Whatman paper. A suitable aliquot (2 ml) of the extract was reacted with 2 ml glacial acetic acid and 2 ml ninhydrin (1.25 g ninhydrin warmed in 30 ml glacial acetic acid and 20 ml 6 M phosphoric acid until resolved) in a water bath (100 °C) for an hour. The reaction was terminated in an ice bath to stabilize the purple color of the extract. Toluene (6 ml) was added to each tube and the absorbance of top purple aqueous layer was measured at 520 nm in a spectrophotometer. The concentration of proline in samples was determined from the standard curve plotted with known concentrations of L-proline.
Enzyme extraction: Preliminary experiments were conducted to standardize the extraction conditions with respect to type, molarity and pH of the buffer, concentration(s) of stabilizing agent(s) and other constituents of the extraction medium to achieve maximum extraction of enzymes. Finally, leaf material (200 mg) was macerated to a fine powder with liquid nitrogen in a pre-chilled pestle and mortar, mixed in a suitable volume (1 ml) of ice cold extraction buffer (50 mM Tris-Cl, pH 7.8 containing 1 mM EDTA and 1 % PVP), homogenized for 1 min, gently squeezed through four layers of muslin cloth and centrifuged at 12000 rpm for 30 min at 4 o C. Supernatant, thus obtained, was referred to as crude enzyme preparation.
Enzyme assays: Immediately after extraction, enzyme activities were measured spectrophotometrically at 340 nm using UV-visible spectrophotometer (Perkin Elmer, Lambda 35, USA) by following the oxidation of NAD(P)H or reduction of NAD(P). Preliminary assays for all the enzymes were conducted to standardize the conditions to obtain linear reaction rates with respect to enzyme concentration and time of incubation. All the enzymes were assayed as per Bergmeyer et al. (1974) . The activities were expressed as nmol of the product formed min -1 mg -1 protein.
Protein estimation :
Crude extract (500 µl) was precipitated with equal volume of 20 % (w/v) trichloroacetic acid (TCA). The precipitate obtained was washed twice with acetone, dried and dissolved in 2 ml of 0.1 N NaOH. Protein was determined by the method of Lowry et al. (1951) using bovine serum albumin as standard.
RNA isolation and semi quantitative RT PCR :
Total RNA was isolated from the leaf tissues of control and dehydrated chickpea seedlings using TRIzol (Invitrogen, Carlsbad, CA) reagent. The quality of RNA was checked on MOPsformaldehyde gel and the yield was quantified spectrophotometrically at 260 nm. Concentration of the RNA samples was adjusted to 100 ng µl -1 . The expression pattern of each gene corresponding to glycolytic enzymes was obtained by semi quantitative reverse transcriptase PCR. The gene specific primers (Table 1) were designed using Primer Express (v3.0) software (Applied Biosystems, Foster city, CA) from the respective nucleotide sequences available for Reverse transcription of RNA was performed using QIAGEN one step RT-PCR kit following manufacturer's instructions. Each RT reaction consisted of 100 ng RNA, 1 X RT buffer (containing 1.25 mM MgCl 2 ), 400 µM each dNTP and 0.6 µM each of forward and reverse primer. All the reactions were performed under default conditions: 30 min at 50 o C, 15 min at 95 o C and 25 cycles of 1 min at 94 o C, 1 min at 58-62 o C and 2 min at 72 o C followed by final extension for 10 min at 72 o C. The PCR products were analyzed by agarose gel electrophoresis.
Statistical analysis:
The experimental design arranged in a completely randomized design, with 3 replications. The data were analyzed by ANOVA and the significance of differences between treatment means was checked with Duncan's multiple range test (p < 0.05).
RESULTS AND DISCUSSION
Relative water content (RWC) and proline: As is clear from the data in Table 2 , after 5 hours of dehydration strain, RWC of the dehydrated leaves decreased from about 80 % to about 60 % in Pusa362 and to about 55 % in SBD377 and proline content was elevated by 3 folds. However, varietal differences in proline content were not observed. Among amino acids, the accumulation of proline is often reported in many plants or tissues in response to a variety of abiotic stresses (Hare et al., 1997) . Many workers have reported accumulation of proline under water deficit in different crops including chickpea (Najaphy et al., 2010; Mafakheri et al., 2010) . The precise role of proline accumulation under drought is, however, still elusive since it has been reported to act as an osmo -regulator (Delauney et al., 1993) , an osmo -protector (Casonka, 1989) , and a regulator of the redox potential of cells (Bellinger, 1987) . The increase in proline content of chickpea leaves with decreasing available water suggests that, an efficient mechanism for osmotic regulation, stabilizing sub-cellular structures and cellular adaptation to water stress was provided as has already been proposed by Valentovic et al. (2006) and Gunes et al. (2008) .
Glycolytic enzymes and genes:
To provide an overview of how dehydration affects glycolysis in chickpea, we determined the specific activities and transcript levels of glycolytic enzymes, fructose-1,6-bisphosphate aldolase (aldolase, EC 4.1.2.13), 3-phosphoglycerate kinase (PGK, EC 2.7.2.3), NADP-glyceraldehyde-3-phosphate dehydrogenase (NADP-GAPDH, EC 1.2.1.13), phosphoglycerate mutase (PGM, EC 5.4.2.1), triosephosphate isomerase (TPI, EC 5.4.2.1), glucose-6-phosphate isomerase (GPI, EC 5.3.1.9) and NAD-glyceraldehyde-3-phosphate dehydrogenase (NAD-GAPDH, EC 1.2.1.12). In the present investigation, two complementary chickpea cultivars: Pusa362 (drought tolerant) and SBD377 (drought sensitive) were used with the objective to expand insights into whether dehydration-mediated changes in glycolytic enzymes and genes differ with the drought tolerance level of the variety. It was observed that specific activities of all the glycolytic enzymes determined were insensitive to dehydration (Table  2) in both the varieties and thus, the most prominent feature of our study was that dehydration brought about almost no significant change in the specific activities of any of the enzymes studied except NADP-GAPDH whose activity decreased under dehydration in both the varieties. In Pusa362, the specific activity of NADP-GAPDH decreased by 12.5 % and in SBD377, a decrease of 17.4 % was observed after 5 hour of dehydration stress. Lack of any effect on the specific activities of glycolytic enzymes under water deficit stress was also reported by Steewart and Lee (1972) in mosses and by Singal et al. (1985) in pigeon pea. In accord to our results, both these studies reported that out of all the enzymes investigated, NADP-GAPDH was the most sensitive enzyme to water potential. Since, photochemical efficiency is impaired under water deficit stress, light activated enzymes such as NADP-GAPDH might become sensitive to water deficit (Singal et al., 1985) . Herppich and Peckmann (2000) found that the in vitro activity of several key respiratory enzymes was unaffected by mild to moderate water stress in two CAM species. Xu and Huang (2010) also reported no change in the protein level of cytosolic GAPDH in the tolerant variety of bentgrass under PEG induced water stress. However, in contrast to our findings, water deficit stress has either increased (Bogeat-Triboulot et al., 2007; Ford et al., 2011; Oliver et al., 2011) or decreased (Plomion et al., 2006; Castillejo et al., 2008; Xu and Huang 2010) the protein levels or specific activities of glycolytic enzymes. When assayed under optimal conditions, enzyme activities imitate enzyme capacities and/or protein levels (Piques et al., 2009) . Thus, changes in their activities during water deficit give an evaluation of the reprogramming of C metabolism under drought. In the present investigation, our results showed that enzyme activities were maintained under water deficit, when expressed on protein basis. We also determined the specific activities of glycolytic enzymes under water deficit stress on 0, 3 rd , 6 th , 9 th and 12 th day after withdrawing water from 30 days old plants of chickpea cultivars Pusa362 and SBD377 (Khanna et al., 2014) . The specific activities of enzymes altered differently on different days of stress in both the cultivars. The apparently differing results in drought and dehydration experiments could be due to different stages of plant growth and development, different degrees, length and method of imposing water deficit stress and the other environmental conditions of the plants. A possible interpretation for no change in the specific activities of glycolytic enzymes after dehydration in contrast to the changes in the activities of water deficit plants after 3, 6, 9 and 12 days could be that changes in enzyme activities mainly occur in the tissues and organs that develop after stress onset. This interpretation gets support from the results obtained in Arabidopsis after transfer to 4 o C (Strand et al., 1999 ) and exposure to water deficit (Hummel et al., 2010) suggesting that enzymatic machinery of pre-existing tissues responds marginally to water deficit.
In the current study, transcript levels of glycolytic enzymes were determined in the leaves of chickpea cultivars subjected to dehydration by employing semi-quantitative reverse transcriptase polymerase chain reaction. It was observed that, there were no alterations in the transcript levels of glycolytic enzymes under dehydration stress as there was no difference found in the transcript levels of control and dehydrated tissues except for NADP-GAPDH whose mRNA level showed marginal reduction in stressed plants of both the varieties as compared to that of control plants. In contrast to the study of Boominathan et al. (2004) , in which NAD-GAPDH gene accumulated after 5 h of dehydration stress, we found no change in the transcript level of NAD-GAPDH gene in dehydrated tissue in our study (Fig 1) . However, NAD-GAPDH showed highest gene expression stability under different stress series among all the internal control genes investigated in chickpea (Garg et al., 2010) further strengthening our results of no change in the expression of NAD-GAPDH gene under dehydration. However, similar to protein data, the impact of water deficit stress on transcript levels of glycolytic enzymes is still far from clear with reports in literature comprising different and contrasting results. Water deficit has been reported either to decrease (Ozturk et al., 2002; Kim et al., 2009) , or maintain (Watkinson et al., 2008) or increase (Velasco et al., 1994; Boominathan et al., 2004; Roche et al., 2007) the transcript level of these enzymes. The apparently differing results could be associated to the different degrees and length of water scarcity, different ways of imposing stress as well as to the level of tolerance of the plant species on which stress is applied and other environmental conditions plants are exposed to.
Fig1: Effect of dehydration on transcript levels of NADP-glyceraldehyde phosphate dehydrogenase (NADP-GAPDH), NAD-glyceraldehyde phosphate dehydrogenase (NAD-GAPDH), phosphoglycerate kinase (PGK), aldolase, glucose-6-phosphate isomerase (GPI), phosphoglycerate mutase (PGM), triosephoshate isomerase (TPI) and actin in Pusa362 and SBD377 control (C) and dehydrated (D) plants after 20, 25 and 30 cycles of RT-PCR Homeostasis of dark respiration was also reported by Gimeno et al. (2010) . They found that drought did not have any noteworthy effect on respiration but appreciably decreased photosynthesis thus increasing respiration/ photosynthesis ratio. Our findings that specific activities and transcript levels of glycolytic enzymes were maintained under dehydration condition suggests that glycolytic metabolism was unlikely to have been limited by substrate supply thus maintaining the demand of respiratory products (ATP, NADH and carbon skeleton). Further, drought tolerant and sensitive chickpea cultivars could not be differentiated on this basis.
